IN VIVO TRANSMISSION OF DRUG RESISTANCE FACTORS BETWEEN STRAINS OF STAPHYLOCOCCUS AUREUS by Novick, Richard P. & Morse, Stephen I.
IN  VIVO  TRANSMISSION  OF DRUG  RESISTANCE  FACTORS 
BETWEEN  STRAINS  OF  STAPHYLOCOCCUS  AUREUS* 
BY RICHARD P. NOVICK, M.D., AND STEPHEN I. MORSE, M.D. 
(From the Public Health Research Institute of the City of New York, Inc., and The 
Rockefeller University, New York) 
(Received for publication 22 August 1966) 
During recent years, considerable credence has been given to the thesis that 
the occurrence and spread of multiply resistant enteric bacteria are related to 
transfer from one cell to another of the genetic determinants of drug resistance. 
These resistance determinants are borne by complex extrachromosomal genetic 
elements, termed episomes, that also bear determinants of fertility. Resistance 
transfer takes place through conjugal union, or mating between resistant donor 
cells and sensitive recipients. During mating the fertility determinant is trans- 
ferred as well as the resistance genes associated with it, while other parts of the 
donor genome are not generally involved. Having acquired the fertility factor, 
the newly resistant cells are enabled thereby to act in turn as donors of resist- 
ance determinants to other sensitive cells. 
Resistance transfer can occur under natural circumstances, such as within 
the human gastrointestinal tract,  and  transfer between different species and 
genera occurs as readily as transfer between different strains of the same species. 
Thus,  pathogenic organisms,  such  as  salmonellae and  shigellae,  can  acquire 
resistance determinants from relatively nonpathogenic species such as Escher- 
ichia  coli  within  the  intestine.  Multiply resistant  strains  of the pathogenic 
organisms may then be selected out by therapy with any of the drugs involved 
or by any combination of these drugs. Resistance to as many as seven different 
drugs (tetracycline, streptomycin, chloramphenicol, sulfonamides, kanamycin, 
neomycin, and ampic{1Hn) may be transferred in a single mating event (1). The 
epidemiologic consequences of this resistance transfer are already of great con- 
cern. 
As in the case of the enteric bacteria, staphylococci with multiple drug re- 
sistance  are  also  widespread,  particularly  within  the  hospital  environment. 
Since the antibiotic-resistant strains appear more readily than sensitive strains 
to colonize normal individuals, they are in a favorable position to be transmitted 
to susceptible persons who may then develop staphylococcal disease. 
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It is generally accepted that strains of Staphylococcus aureus resistant to many 
commonly used antimicrobial agents arise via spontaneous mutations  and be- 
come prevalent  through selection.  However,  there  is little  direct  evidence for 
the  occurrence  of  this  process  in  the  natural  environment.  Although  many 
different  strains  of antibiotic-resistant  staphylococci  are  found' in  the  com- 
munity, in the case of several of the drugs involved it is extremely difficult to 
obtain laboratory-derived resistant mutants from sensitive organisms.  This is 
particularly  true  with  respect  to  penicillin  and  erythromycin.  It  therefore 
seems possible that alternative mechanisms for the development and spread of 
antibiotic-resistant  staphylococci may be operative. 
Staphylococci have  been  shown  to  harbor  extrachromosomal  elements,  or 
plasmids,  that  carry genes for resistance  to one or more drugs  as well as re- 
sistance to heavy metal ions (2, 3).  The plasmids are in certain respects simi- 
lar to the resistance factors harbored by the enteric organisms.  Consequently, 
we undertook  to determine  whether  in vivo transfer of extrachromosomal re- 
sistance factors occurs in staphylococci; if so, the role of extrachromosomal ele- 
ments in the biology of the staphylococcus as well as the question of the origin 
and spread of drug resistance in this species would be clarified to some extent. 
Though in vitro experiments have failed to reveal conjugal transfer of extra- 
chromosomal drug resistance genes, it is known that many naturally occurring 
staphylococcal strains are lysogenic for phages capable of acting as carriers of 
host genes in the process of generalized  transduction  (4).  Other studies  have 
shown  that  extrachromosomal  elements  are  transduced  considerably  more 
frequently than are chromosomal genes (5) and that spontaneous transduction 
occurs in vitro in mixed cultures of staphylococci. 
We report here the results of experiments that demonstrate interstrain trans- 
fer of extrachromosomal drug resistance  genes within  the kidneys of mice in- 
fected  with  pairs  of appropriately marked  strains.  It  is  all  but  certain  that 
spontaneous transduction  is responsible for this transfer. 
Materials and Methods 
Media.--Difco Penassay broth and agar  (Difco Laboratories,  Detroit,  Mich.) were used 
for cultures for the in vivo experiments. CY media (2) were used for the in vitro experiments. 
Media were supplemented with erythromycin  (Ilotycin gluceptate, Eli Lilly and Co., Indian- 
apolis), novobiocin (Albamycin, Upjohn Co., Kalamazoo, Mich.), or streptomycin sulfate (Eli 
Lilly)  as  indicated.  Penicillin resistance was evaluated  with  Difco concentration  discs (2 
~g/disc). 
Staphylococcal Strains and  Cultural  Conditions.--The  strains utilized in these experiments 
are listed in Table I, A. All are derivatives of strain 8325 (phage type 47/53/75/77),  the prop- 
agating strain for phage 47 of the International  Typing Series, and all but two are lysogenic for 
a pair of phages, Pll and P12 (R. Novick, unpublished observations). One of these phages, 
Pll, is a generalized transducing phage. The pertinent  characteristics of the drug resistance 
markers are listed in Table  I, B. The streptomycin  and novobiocin resistance markers are 
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the novobiocin resistance marker (5); chromosomslity of the streptomycin resistance marker 
is probable, because this mutation is of the single-step high-resistance type that is chromo- 
soma1 in other organisms. Strain 8325 (3',,) has been constructed by transduction for erythro- 
mycin resistance with phage 80 propagated on strain MS258 (6). It has received in this trans- 
duction the wild type 7-plasmid, an extrachromosomal drug resistance factor with determi- 
TABLE  I 
A.  Characterist~s ~St~hylococc~ Strains 
Strain 
325 
L325-1 
g325-12 
g325 (Pllde) 
8325 (7=) 
3325-3 (Pllde) 
~325-13 
Antibiotic resistance 
pattern* 
Sm  Nb  Pen  Em 
S  S  S  S 
R  S  S  S 
R  R  S  S 
S  S  S  R 
S  S  R  R 
S  S  S  R 
R  S  S  S 
Status of resistance 
markers 
Chromosomal 
Chromosomal 
Extrachromosomal 
Extrachromosomal 
Extrachromosemal 
Chromosomal 
Used as 
Recipient 
Recipient 
High frequency donor of em 
resistance 
Donor of linked em and pen 
resistance 
Nonilysogenic control donor of 
resistance 
Nonlysogenic control recipient 
B.  Characteristics of the Markers Used 
Drug 
Sm 
Nb 
Fen 
Em 
Resistance levels~ 
S: inhibited  R: grows at 
at 
~g/ml  lag/r~ 
1  50O 
0.3  3 
0.02  0.15 
0.5  400 
Mutation  frequency 
To single  To simul-  taneous 
drug  double 
resistance]]  resistance¶ 
~10 -9  .~10_16 
..d0-7 
(  10  -11  (  10  -21 
< 10  -1° 
Transduction frequency§ 
Single 
transducti0n 
<  10  -8 
~10-6 
,~I0--4 
,~10--4 
~10--1.* 
Simultaneous 
double 
transduction 
< 10  -14 
(calculated) 
~I0-4 
* Sm, streptomycin; Nb, novobiocin; Pen, penicillin; Era, erythromycin. S,  sensitive;  R, 
resistant. 
Based  on  the results  of  plating  200--400  cfu/plate  on  agar  containing different  drag 
concentrations. 
§ Sensitive strain was infected with Pll grown on resistant host, then plated  on selective 
medium. Figures represent number of transductants/input pfu. 
[1 Frequency of resistant colonies appearing on drag-containing plates spread with  heavy 
cultures of 8325. 
¶  Frequency of doubles calculated as product of frequencies of singles. 
** This frequency refers to results obtained with the high frequency donor, 8325(P11de). 48  DRUG  RESISTANCE  AND  STAPHYLOCOCCUS AITREUS 
nants of resistance to penicillin and to a number of inorganic ions as well as to erythromycin 
(2, 7). This plasmid is transduced in vitro with a frequency of about 10-4/plaque-forming unit 
(pfu) by phage Pll. Strain 8325  (Pll de) harbors an extmchromosomal element, designated 
Pll de, that is the product of a rare recombination event between the ~-plasmid and the Pll 
phage genome. This recombinant element is defective for many phage functions and lacks all 
of the plasmid resistance markers save that for erythromycin. However, it has a  high prob- 
ability of becoming incorporated by phage Pll during vegetative growth of the latter; the Pll 
produced by spontaneous or UV induction of a lysogenic strain harboring Pll de, such as 8325 
(Pll de), contains 10-50°/o as many erythromycin-transducing particles as plaque formers. The 
properties of this high frequency transducing (H/t) element will be described in detail else- 
where. 
Cnitures were grown at 37°C on incubator shakers and growth was  followed by measure- 
ments of optical density at 540 n~ in a Coleman Junior Spectrophotometer. A reading of 0.10 
in a  19 mm cuvette corresponded to 1.5 X  10  s colony-formlng units (cfu)/ml. 
Preparation of Inocula.--All  staphylococcal strains were maintained at 4°C  on penassay 
agar (Difco). Erythromycin, 100  /~g/ml, was added to the agar in the case of donor strains 
resistant to this antibiotic. The cultures were transferred at approximately 1 month intervals. 
5 ml of penassay broth were inoculated with the appropriate strain and incubated at 37°C 
overnight. Erythromycin,  20 ~g/ml,  was  added  to  cultures of  the  erythromycin-resistant 
strains. 
After overnight growth, the bacteria were sedimeuted by centrifugation. Recipient orga- 
nisms were resuspended in the appropriate volume of penassay broth and used directly for 
inoculation into mice. For donor cultures, the concentration of free phage and of erythromycin 
were reduced by a second cycle of centrifugntion, and the cells were then brought to the re- 
quired density in penassay broth. 
Infection of Miee.--All inocula were 0.2 ml and  were  administered intravenously via  a 
lateral tail vein to 20-25 g male Swiss mice. The mice were fed a standard commercial diet and 
received water ad UbiCu~n. 
Assay  of Staphylococci in the Kidneys of Infected M$ce.--After an animal had been killed 
with chloroform, its kidneys were rapidly excised, placed in 3 ml of penassay broth, and homog- 
enized by a motor-driven teflon pestle. Where appropriate, serial dilutions of the homogenate 
were made in penassay broth. Measured aliquots were then streaked on agar for determination 
of viable counts. 
For enumeration of donor and recipient strains, penassay agar containing erythromycin, 
100 ~tg/mi, or streptomycin, 100/~g/mi, respectively, was used. Organisms with multiple re- 
sistance were detected on plates containing agar in which both streptomycin and erythromycin, 
100/~g of each/ml, had been incorporated. 
Novobiocin and penicillin resistances were scored as  unselected  markers.  Colonies to be 
tested for the former were streaked on agar supplemented with novobiocin 1.5/~g/ml. Colonies 
to be tested for the latter were streaked on unsupplemented agar, and penicillin discs were 
placed on the inoculated areas. Plates were scored after 48 hr of incubation at 37°C. 
RESULTS 
In  vitro  Transduction  of Penicillinase  Plasmlds.--In  a  typical  experiment 
demonstrating spontaneous in vitro transfer of erythromycin resistance,  fresh 
broth cultures of donor strain 8325(Pllde)  and recipient  strain  8325-1  were 
mixed to give a final population of l0  s cfu of each/ml. The mixed cultures were 
shaken at 37°C for 4 hr, then plated on a medium selective for erythromycin- 
resistant,  streptomycin-resistant  (era  •  sm0  recombinants.  As  controls,  the 
parental cultures were incubated and plated separately on the same  medium. RICHARD  P.  NOVICK  AND  STEPHEN  I.  MORSE  49 
In this experiment (see Table II) the final titer of em  r smr recombinants was 
about 4  X  104/ml. No attempt was made to enumerate separately the final 
number of donor and recipient organisms in the mixture, but it is safe to assume 
that they were present in approximately equal numbers. The final cell titer of 
the mixture was about 1@  0 cfu/ml, so that the frequency of transfer was about 
2 X  10-e/donor or recipient cfu. An attempt was next made to demonstrate the 
dependence of the spontaneous transfer upon the presence of transducing pro- 
phage. In one experiment, specific anti-P11  sermn (K --  120, diluted  1:100) 
failed to inhibit the transfer, although the antiserum inhibited transduction by 
lysates containing phage Pll. This failure could have been the result of destruc- 
tion of the antiserum by extracellular proteolytic enzymes released from the 
growing organisms, or it could have meant that phage was not involved. Phage 
dependence was,  however, demonstrated in  a  different way.  In  the  bottom 
TABLE II 
In Vitro Transfer of Erytkromycin Resistance 
Donor 
8325(P11de) 
8325(Pllde) 
8325-3(Pllde) 
Resistance 
markers 
Ern 
Em 
Em 
Recipient 
8325-1 
8325-I 
8325-13 
Resistance 
markers 
Sm 
Sm 
Sm 
Recombina~ts 
8325-1(Pllde) 
8325-13(Pllde) 
Resistance 
markers 
Em~ Sm 
Era, Sm 
Era, Sm 
Era, Sm 
Titer 
,~ x  m,/ml 
< 10/ml* 
< 10/mI* 
< 10/ml* 
* 0.1 ml aliquots were plated. No colonies corresponding  to  the recombinant phenotype 
(era r,  sm  r)  appeared on plates where either parental strain was plated alone or where the 
mixed culture of two nonlysogenic  strains was plated. 
line of Table II is shown the result of an experiment in which cultures of two 
strains with the same antibiotic resistance determinants as those used in the 
other in vitro experiments were mixed and incubated for 4 hr, then plated on 
doubly selective medium. In this case, however, the transducing prophage had 
been removed previously from both strains by ultraviolet irradiation, and no 
doubly resistant recombinants were detected. 
Recovery of Slreptomycin-Erylkromycin-Resistant  Staphylococci from tke Kid- 
neys of Mice Doubly Infected with an Erythromycin-Resistant Donor and a Strepto- 
mycin-Resistant  Recipient Strain of Staph.  aureus.--As described above, strain 
8325  (Pllde) was an abnormally high frequency donor of erythromycin resist- 
ance in in vitro transduction experiments. This strain was, therefore, selected 
as the donor strain in initial studies to determine whether infectious transfer 
occurred in  vivo after double  infection.  The  streptomycin  resistant  strain 
8325-1,  was employed as the recipient. 
It  was  of advantage  to  employ an  experimental model in which  chronic, 
nonlethal, and well localized staphylococcal disease was produced and in which 
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was found that under appropriate conditions these prerequisites could be ful- 
filled in mice with experimental staphylococcal renal disease. For reasons that 
are not yet clear, the induction of persistent double infection in these experi- 
ments required the injection of approximately 10 times the number of cells of 
the recipient strain as of the donor. 
Mice were injected intravenously with approximately 108 cfu of the donor 
strain 24 hr before, 4 hr before, or 4 hr after the injection of 109 cfu of the re- 
cipient strain. 4-6 days later the animals were killed, their kidneys processed, 
and the number of parental (resistant to either erythromycin or streptomycin), 
and recombinant (resistant to both antibiotics) organisms was determined. 
As is shown in Table III, organisms resistant to both streptomycin and eryth- 
romycin were  found  in  the  kidneys of one-third to  one-half of the  injected 
mice irrespective of the order of injection of the donor and recipient strains. 
TABLE  III 
Recovery of Streptomydn-Erylkromydn-Resislant  Slapkylococd  flora  the  Kidneys  of  Mice 
Infe~ted witk an  Erythromydn-Resistant  Donor and  a Streptomycin-Resistant  Recipient 
Order of injection*  [nicidence of recovery of streptomyein-erythromyein- 
resistant staphylococci 
Donor 4 hr before recipient  5/15 
Donor 4 hr after recipient  8/16 
Donor 24 hr after recipient  5/12 
* All mice were injected intravenously with approximately 1.0 X  10  s colony-forming units 
(cfu)  of the donor strain,  8325(Pllde),  and  1.0  X  109 cfu of the recipient strain,  8325-1. 
Animals were killed 4-6 days after injection. 
Table IV presents numbers of staphylococci with various antibiotic resistance 
patterns isolated from the kidneys of mice killed 4-6 days after double infection 
was initiated. In these experiments, intravenous injection of recipient organisms 
preceded by 4 hr the administration of donor cells. It was clear that under the 
conditions  employed,  the  number  of  streptomycin-erythromycin-resistant 
organisms composed only a small fraction of the total staphylococcal popula- 
tion. Although no exact correlation could be made, it did appear that doubly 
resistant organisms were found more often when relatively heavy renal infection 
with both strains had been induced. Thus, five of the eight mice in which strep- 
tomycin-erythromycin resistant  organisms  were recovered had renal popula- 
tions of at least 1.0 X  10  ~ of both the donor and recipient. In contrast, only one 
of eight mice in the group in which no doubly resistant organisms were found 
had such large populations. This finding was representative of those observed 
in the two other experimental situations. 
It was necessary to establish that the streptomycin-erythromycin-resistant 
staphylococci in the kidneys of doubly infected mice had not arisen through 
spontaneous mutation of either the donor or recipient strain. RICHARD P.  NOVICK AND  STEPHEN  I. MORSE  51 
21 mice were each injected intravenously with l0  s cfu of the erythromycin- 
resistant donor strain. 10 mice were killed 5 days later, and 11 mice were killed 
6 days after inoculation. 22 mice were each injected with los cfu of the strepto- 
mycin-resistant recipient strain, and the renal population of staphylococci was 
enumerated 5 days later. 
No organisms resistant to both streptomycin and erythromycin were detected 
after injection of the donor alone or the recipient alone. In these control animals, 
TABLE IV 
The Number  and Antimicrobial  Resistance of Staphylococci Present in Kidneys of Mice 4--6 
Days  after  Double Infection* 
Number of cfu of renal staphylococci  resistant  to 
Animal 
Streptomycin  Erythromycln  Streptomycin  and 
only  only  erythromycin 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
2.0  X  10  ~ 
2.9  X  10  s 
2.3  X  l0  s 
3.0  X  l0  s 
2.7  X  10  s 
1.9  X  107 
8.1  X  107 
6.3  X  l0  s 
<  10  4 
<iO  4 
6.0  X  104 
7.1  X  105 
1.9  X  106 
6.7  X  10  7 
1.9  X  10  s 
2.0 X  10  8 
7.2  X  lO  s 
2.3  X  lO  s 
2.2  X  10  s 
2.3  X  lO  s 
1.5  X  lO  s 
8.4  X  10  7 
s.3  x  lo  7 
1.3  X  107 
<104 
3.2  X  107 
<  10  4 
2.0  ×  io  7 
1.3  X  l07 
5.3  X  10  8 
2.0  X  104 
<i04 
3.0  X  101 
1.2  X  102 
1.2  X  102 
1.8  X  102 
2.1  X  102 
1.2  X  103 
3.2  X  10  8 
3.6  X  10  8 
N.D.~ 
~c 
t¢ 
* Infection was initiated by intravenous injection of the erythromycin-resistant donor, 
8325(Pllde), 4 hr after inoculation of the streptomycin-resistant recipient, 8325-1. 
:~ None detected (less than 30 organisms in both kidneys). 
the staphylococcal populations were of sufficient size to permit an estimate of 
less than  1/10  s for  the frequency of spontaneous  mutation  in vivo to  either 
streptomycin or erythromycin resistance. 
As cultures of lysogenic bacteria always contain mature phage particles, it 
was possible that the transfer observed was due to residual-free phage injected 
with the donor strain even though the organisms had been washed. The results 
of a further experiment suggested that this was not the case. 10 mice were each 
injected first with 109 cfu of the recipient strain and 4 hr later with 0.2 ml of the 
bacteria-free supernatant fluid of the usual donor inoculum. These mice were 
killed 5 days after infection was initiated, and in no case were doubly resistant 
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In each of these experiments, the number of viable units persistent in the 
kidneys when either organism was injected alone was equal to or greater than 
the number of viable units of the respective strain present after double infection. 
These findings suggested that  the occurrence of streptomycin-erythromycin- 
resistant organisms was not a consequence either of spontaneous mutation or of 
the presence of free transducing particles in the donor inoculum. 
Another possible explanation for the experimental results was that in vitro 
transduction occurred during the processing of the kidneys from doubly infected 
mice preparatory to plating. This seemed unlikely because the time elapsed be- 
tween excision of the kidneys, homogenization, and plating on streptomycin- 
erythromycin media was  usually less  than 3  rain. This time period was  con- 
siderably less than that required for the phenotypic expression of erythromycin 
resistance following transfer of the relevant genetic material in vitro (7). Direct 
experimental tests also indicated that in vitro transfer of genetic material was 
not responsible for the observed results. 
Four mice were infected with the recipient strain alone and five others with 
the donor strain  alone. 5  days later,  nine animals  were killed and a  kidney 
homogenate prepared  from each.  0.4 ml  aliquots  of pairs of donor- and  re- 
cipient-infected homogenates were then mixed and incubated at 25°C.  From 
each such mixture, 0.1 ml aliquots were withdrawn after 3, 10, and 60 rain of 
incubation  and  plated  on  antibiotic-free agar  and  on streptomycin-erythro- 
mycin agar. Similarly, 0.4 ml of each donor-infected homogenate was mixed with 
0.4-ml of an overnight culture of the recipient organism, incubated, and plated 
in the same  way. 
In no instance were doubly-resistant organisms  recovered despite the fact 
that the concentration of the donor and recipient cells present in each of the 
preparations was equal to or greater than that found in kidney homogenates 
from mice infected with both strains and in which streptomycin-erythromycin- 
resistant staphylococci were detected. This finding provided evidence that in 
vitro transfer of genetic elements was not  an operative factor in the studies 
described. 
In  vivo Transfer  of Erythromycin  Resistance  to  a  Streptomycin-Novobiocin 
Recipient.--Even though there was good evidence that spontaneous mutation 
of one or the other parental strain did not account for the doubly resistant 
organisms  recovered from mixedly infected mice,  it  was,  nevertheless,  con- 
sidered  desirable  to  repeat  the  experiment  including  a  scorable  unselected 
marker as an additional check. Since spontaneous mutation to high level eryth- 
romycin resistance had never been observed while spontaneous  mutation to 
high level streptomycin resistance had,  it  was  decided to  introduce the  un- 
selected marker into the recipient organism. Therefore, a first step spontaneous 
novobiocin-resistant mutant  of strain  8325-1  was  obtained.  This  mutant  is 
designated 8325-12.  The mixed infections were produced as above, the donor RICHARD P.  NOVICK AND STEPHEN I.  MORSE  53 
culture,  8325(Pllde),  being  injected  4  hr  after  the  recipient  into  each  of 10 
mice. Mter 6 days, the kidneys were scored for sm  r, era" and smr-em  ~ organisms. 
A  representative  number of the doubly resistant  clones were than  tested for 
novobiocin resistance. 
As is seen in Table V, the kidneys of 4 of the 10 animals contained organisms 
resistant  to all three antibiotics; streptomycin, novobiocin (nb),  and erythro- 
mycin. In no case were sm  rem r nb" organisms recovered. It was again noted 
that the animals from which recombinant organisms were recovered appeared 
to have a greater number of both the recipient and donor organisms persisting 
TABLE V 
Staphylococci Recovered  from the Kidneys of Mice 6 Days after Infection ~ith the Erythromycin- 
Resistant  Donor Strain and  a Streptomycin-Novobiocin-Resistant  Recipient  Strain* 
cfu of staphylococci present in both kidneys which were resistant to 
Animal 
Streptomycin and  Erythromycin  Streptomycin,  novoblocin, 
novobiocin only  only  and erythromycln 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
* Mice were in 
3.0  X  10  0 
2.2  X  10  0 
1.9  X  10  7 
2.3  X  10  0 
<10  4 
1.3  X  108 
4.2  X  10  5 
2.4  X  10  6 
2.2  ×  10  7 
3.1  ×  10  7 
8.7  ×  10  7 
2.1  ×  108 
2.6  X  108 
4.0  ×  10  7 
4.9  X  lO  s 
<10  4 
6.2  ×  108 
3.9  X  l0  s 
1.7  X  10  0 
6.1  X  108 
2.1  X  10  z 
3.0  X  108 
9.6  X  10  2 
1.6  X  108 
N.D,~ 
C¢ 
~ted intravenously  with 1.0 X  10  9 cfu of the streptomyein-novobiocin 
strain,  8325-12. 4 hr later  1.0  X  10  8 cfu of the erythromycin  donor strain,  8325(Pllde), 
were inoculated. 
None detected  (less than 30 viable units in both kidneys). 
within the renal tissue. A further experiment was, therefore, performed in which 
the effect of inoculum size on the frequency of recovery of recombinant organ- 
isms  was examined. 
10 mice were injected intravenously with 1.4 X  100 cfu of the recipient strain 
8325-12, and 4 hr later with 1.3 X  10  s du of the donor strain, 8325(Pllde). The 
eight surviving animals were killed 6 days later. This relatively slight increase in 
dose was apparently responsible for the death of 2 of the 10 mice 2 days after 
inoculation. In Table VI it can be seen that in the surviving animals, the pop- 
ulations of both the recipient and donor strains were significantly greater than 
when the usual inocula had been used (see Table V). More important, organisms 
resistant to all three antibiotics were found in the kidneys of seven of the eight 
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in somewhat higher titer, they still comprised only a minor fraction of the total 
staphylococcal population. 
These  results  suggested  that  the  occurrence of resistance  transfer  and  the 
titers  of recombinants were correlated with the severity of the established  in- 
fection. In keeping with this pattern, it was found that 24 hr after double infec- 
tion, when the renal staphylococcal titers were low, no organisms with multiple 
drug resistance were recovered. 
The Effect of Antimicrobial Therapy on the Occurrence of Staphylococci  witk 
Multiple Drug Resistance.--As previously noted,  organisms that had received 
TABLE VI 
The Effea of Larger Inocula on the Recovery of Staphylococci with Multiple Drug Resiaanc¢ 
from the Kidneys of Doubly-Infected Mice* 
Kidney titers of staphylococci resistant to 
Animal 
1 
2 
3 
4 
5 
6 
7 
8 
9§ 
10§ 
* Mice were in 
Streptomycin and 
novobiocin only 
3.4  X  107 
1.1  X  108 
4.3  X  107 
5.9  X  107 
1.1  X  108 
2.7  X  107 
6.6  X  108 
7.4  X  107 
Erythromycin 
only 
2.4  X  l0  s 
4.3  X  108 
5.6  X  108 
9.0  X  l0  s 
2.6  X  108 
5.2  X  108 
6.2  X  108 
2.2  X  107 
Streptomycin, novobiocia, 
and  erythmmycin 
3.0  X  l0  t 
2.7  X  10  s 
7.3  X  10  z 
8.7  X  102 
2.0  X  l0  s 
3.2  X  10  s 
5.4  X  10  ~ 
N.D.~: 
ected intravenously with 1.4 X  109 cfu of strain 8325-12 4 hr before inocu- 
lation of 1.3 X  l0  s cfu of strain 8325(Pllde). Surviving animals were killed 6 days later. 
None detected  (less than 30 units in both kidneys). 
§ Both mice died 2 days after infection. 
resistance factors in vivo had, over the time course studied, no obvious selective 
advantage  over  the  parental  strains  in  the  absence  of  antibiotic  treatment. 
Since it  is  clear that the widespread  use of antimicrobial  agents  is  the major 
factor in the spread of drug resistant bacteria in clinical situations,  the effect 
of drug therapy was examined in experimental double infection. 
Mice  were  injected  intravenously  with  the  erythromycin-resistant  donor 
strain 8325(Pllde)  4  hr after injection of the streptomycin-novobiocin-resist- 
ant recipient strain  8325-12.  6  days later,  daily therapy of nine mice with  a 
single deep subcutaneous injection of 4  mg of streptomycin sulfate and 4  mg 
of erythromycin ethyl succinate (erythrocin i.m., Abbott Laboratories, Chicago, 
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untreated.  10 days after  the  injection  of staphylococci,  all mice were killed, 
and the bacterial populations of the kidneys assayed. 
The kidneys of four of the nine animals in the treated group were found to 
contain  organisms  resistant  to streptomycin,  novobiocin,  and  erythromycin; 
similarly,  organisms  with  multiple  antibiotic  resistance  were  present  in  the 
kidneys of 6 of 10 mice in the untreated group. Although the incidence of triply 
resistant staphylococci was similar in the two groups, their titers were strikingly 
TABLE VII 
The Population  of Staphylococci wish Multiple  Drug Resistance in the Kidneys of Doubly 
Infected Mice  Treated ~itk  Streptomycin  and Erytkromycin 
Group* 
No therapy 
Therapy 
Animal 
No. of staphylococci  in the kidneys 
of doubly-infected  mice~: 
Total No. 
1.6  X  106 
6.9  X  10  s 
3.5  X  10  6 
1.2  x  lo  8 
6.1  X  10  s 
4.6  X  10  s 
1.4  X  106 
1.5  X  l0  s 
2.5  X  107 
1.1  X  10  8 
No.  sm  r  nb  r  emr§ 
9.0  X  101 
1.5  X  10  ~ 
6.6  X  10  ~ 
7.8  X  10  ~ 
1.7  X  10  s 
2.8  X  l0  s 
1.2  X  104 
1.0  ×  l0  T 
2.2  X  107 
1.1  X  10  s 
No. six1  r lab  r em  r 
Total No. 
<0.0001 
<0.000001 
<0.00001 
<0.00001 
<0.00001 
<0.00001 
0.009 
>0.06 
>0.85 
>0.95 
* 6 of 10 untreated mice were found to have staphylococci with multiple drug resistance 
in their  kidneys. Four of nine mice treated with streptomycin  and  erythromycin  from the 
6th to the 10th day possessed organisms in their kidneys with multiple drug resistance. 
:~ Mice  were injected  intravenously  with  an  erythromycin-resistant  donor strain  4  hr 
after  admlnlgtration  of a  streptomycin-novobiocin-resistant  recipient  and  were killed  10 
days later. 
§sm  r, streptomycin-resistant;  nb  r, novobiocin-resistant; and em  r,  erythromycin-resistant. 
different.  In the untreated  animals,  the number of triply resistant  organisms 
did not exceed 3  X  108/pair of kidneys and did not account for more than one 
in 10,000 of the staphylococcal population (Table VII). 
In contrast,  the population of organisms  with triple  drug resistance  in the 
treated group was considerably higher. In three of four instances this population 
was more than three orders of magnitude greater than in the controls. Moreover, 
the staphylococci with multiple drug resistance comprised a far greater propor- 
tion of the  kidney population in the  treated  group and,  in one instance,  ac- 
counted for virtually all of the organisms present  (Table VII). 
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had been injected with the recipient strain only were treated with both strepto- 
mycin and erythromycin in the dosage and according to the schedule utilized 
after double infection as described above. In each case, the kidney populations 
were smaller  than those usually encountered without therapy, and in each 
case only parental organisms were recovered. Therefore,  the effect of therapy 
after double infection must have been selection of organisms which had already 
acquired  multiple resistance  rather  than  selection  of spontaneous  mutants 
derived from either the donor or recipient strain. 
In Vivo Transfer of Linked Genetic Determinants of Erytkromycin  and Penicil- 
lin Resistance.--Having established the optimal conditions for in vivo transfer 
with a strain that was atypical in being a high frequency donor, we had next to 
see whether a more typical strain could also serve. For this experiment,  strain 
8325(%,) was employed as donor (see Table I, A and B). Not only has the extra- 
chromosomal resistance factor carried by 8325  (~'w) a more typical transduction 
frequency (10-*/pfu), but also it bears a determinant of penicillin resistance as 
well as one for erythromycin resistance.  Although this strain has been con- 
structed in the laboratory, it is similar in donor activity to many naturally oc- 
curring penicillin resistant, lysogenic staphylococcal  strains. 
16 mice were each injected intravenously  with 1.0 X  108 cfu of the penicillin- 
erythromycin-resistant donor 8325(%,) 4 hr after inoculation of 1.0 X  109 cfu 
of the streptomycin-novobiocin-resistant-recipient  8325-12. Seven of the mice 
died 3-5 days after double infection was initiated. The remaining nine survivors 
were killed on the 5th day after infection, and kidney homogenates were plated 
for parental organisms  and for emr-sm  • recombinants.  The latter were then 
scored for the unselected markers,  nb' and penicillin-resistant  (pen0. 
Staphylococci  resistant to the four antibiotics  (streptomycin, novobiocin, 
erythromycin, and penicillin)  were present, although in low numbers,  in the 
kidneys of three of the nine mice surviving after double infection. Neither the 
donor nor the recipient  strain gave  rise  at detectable frequencies  to double 
mutants corresponding to the multiply resistant colonies detected, so that the 
latter, resistant to all four drugs,  were clearly genetic recombinants.  Thus, in 
vivo transfer had occurred when a donor strain with relatively normal trans- 
ducing properties  was utilized. Moreover,  cotransfer of the determinants of 
erythromycin and penicillin resistance had occurred. 
DISCUSSION 
The experimental  studies presented clearly demonstrated that transfer be- 
tween strains of Staph. aureus of genetic factors responsible for antibiotic resist- 
ance  occurs  in  vivo  under  appropriate  conditions.  Lysogenic strains  that 
possessed  extrachromosomal  elements  (plasrnids)  conferring  erythromycin 
resistance or both erythromycin and penicillin resistance and strains with pre- 
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novobiocin resistances were employed in these studies. Organl.qms with multiple 
resistance were isolated after double infection of mouse kidneys. On the basis 
of the considerations presented below and in Table I, the direction of transfer 
was from the plasmid-carrying strains to the plasmid-negative organisms. 
The possibility that  spontaneous mutation was responsible for the results 
obtained in vivo seemed to be remote. Only parental organisms  were recovered 
when a single strain was used to establish renal infection.  Moreover, in experi- 
ments in which both the donor and recipient were resistant to two antimicro- 
bials,  organisms  were recovered that  were resistant  to all four drugs.  These 
organisms were clearly genetic recombinants, since the likelihood of spontaneous 
double mutation was virtually nil. 
The results of a series of experiments demonstrated that transfer of genetic 
material dM not occur in vitro during processing  of the kidneys for bacterial 
enumeration. Therefore, the recombinant organisms  must have arisen in vivo. 
Organisms  with multiple drug resistance appeared only after disease had been 
established with both the donor and recipient organisms  and only when the 
kidney titers of both strains were high. 
The multiply resistant recombinants had no detectable selective advantage 
over the parental strains. As long as 10 days after initiation of double infection, 
they usually comprised less than 0.01% of the bacterial population of the kid- 
neys. However, the titers  of these organisms  increased by several orders of 
magnitude when combined antibiotic therapy was administered for a period as 
short as 4 days. Moreover, in some instances,  these staphylococci comprised the 
vast majority of organisms  present. Presumably, the overgrowth of recombi- 
nant types was the result of selection by combined therapy, since each of the 
parental strains  was sensitive to at least one of the drugs employed. Similar 
selection of such recombinants may occur in clinical situations. 
Of the three known modes of genetic transfer in microorganisms,  transforma- 
tion, conjugation, and transduction,  there is little doubt that the latter is re- 
sponsible for the in vivo transfer described here. This conclusion is based on in 
vitro experiments that have shown: (a) resistance transfer in staphylococci does 
not require cell contact but is mediated by culture superuatants whose activity 
is insensitive to I)Nase (R. Novick, unpublished observations); (b) the activity 
of culture supernatants or lysates is proportional to their phage titer, sediments 
with the active phage in the ultracentrifuge,  and  is destroyed by antiphage 
serum;  and  (c)  nonlysogenic  strains  or strains  lysogenic  for nontransducing 
phages are not capable of acting as donors either in mixed cultures or via sterile 
lysates or supernatants. 
In vivo transduction  of Sta~l~.  auras  to  tetracycline resistance has  been 
reported previously by Jarolmen,  Bondi, and Crowell (8).  These workers in- 
jected large numbers of phage particles (S X  10  ~° pfu) into mice in which renal 
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contrast,  in  the  experiments reported herein,  the  transduction  of resistance 
factors was  not mediated by exogenously administered transducing bacterio- 
phage but rather by phage spontaneously released by the lysogenic  resistant 
strain during the course of infection. Both  the known features of antimicrobial 
resistance and lysogeny in staphylococci as well as the characteristics of human 
staphylococcal disease  and infection make  it  reasonable  to  believe that  the 
experimental model we have described is relevant to natural  events. 
Although strain 8325(Pllde) is a high frequency donor in in vitro transduc- 
tion experiments, another strain, 8325(~,w), which is not a high frequency donor, 
served as a competent donor in the in vivo system. This strain, although labora- 
tory constructed,  is  considered to  be  representative  of  naturally  occurring 
strains. It seems likely that the vast majority of multiply resistant staphylococci 
carry one or more extrachromosomal resistance factors. Also,  it appears that 
most staphylococcal strains are lysogenic and that a considerable proportion of 
temperate staphylococcal phages are capable of mediating generalized trans- 
duction. Thus, many strains of Staph. aureus occurring in healthy carriers or in 
lesions may be competent to donate their drug resistance factors by spontaneous 
transduction  to sensitive organisms  that  happen  to be  nearby.  In fact,  the 
opportunity as well as the equipment for this transfer does exist in the relation- 
ship between man and the staphylococcus; two or more strains, differing with 
respect to antibiotic resistance and phage type, can often he recovered from a 
healthy carrier or from a single staphylococcal lesion (9). Thus, infectious trans- 
fer may play an important role in the occurrence and dissemination of strains of 
Staph. aureus with multiple resistance. 
SUMMARY 
1.  Multiply resistant strains  of Staphylococcus  aureus  often harbor one or 
more extrachromosomal drug resistant factors as well as temperate prophages 
capable of mediating generalized transduction. 
2.  Spontaneous transduction occurs in mixed cultures of such staphylococcal 
strains,  and  the  extrachromosomal resistance factors  are  involved more fre- 
quently than are chromosomal genes. 
3.  Spontaneous transduction of extrachromosomal determinants of erythro- 
mycin resistance and of linked penicillin-erythromycin resistance occurs in the 
kidneys of mice in which mixed infection has been induced. 
The excellent technical assistance of Mrs. Christine Roth and Mrs.  Sallie  K.  Riester is 
gratefully acknowledged. 
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